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This review introduces our study on the development of Cu-based nanoparticles suitable as ﬁllers in the
metalemetal bonding process. Colloid solutions of various nanoparticles such as cuprous iodide, cupric
oxide (CuO), CuO mixed with silver oxide (Ag2O/CuO), cuprous-oxide (Cu2O), metallic Cu, plolypyrrole-
coated metallic Cu, and metallic Cu containing metallic Ag (Ag/Cu) were prepared by liquid phase pro-
cesses such as reduction and a saltebase reaction. Metalemetal bonding properties of their powders
were evaluated by sandwiching the particle powder between metallic discs, annealing them at a pressure
of 1.2 MPa, and measuring the shear strength required for separating the bonded discs. Various particles
(above-mentioned), various metallic discs (Cu, Ag, and Ni), various bonding temperatures (250e400 C),
and different atmospheres in bonding (H2 and N2) were examined to ﬁnd nanoparticle ﬁller suitable for
metalemetal bonding. As a result, it was conﬁrmed that the metallic Cu, the CuO, the Ag2O/CuO, and the
Ag/Cu particles were suitable for CueCu bonding in H2, low-temperature CueCu bonding in H2, AgeAg
bonding in H2, and CueCu bonding in N2, respectively. The metallic Cu particles also had functions of
AgeAg and NieNi bondings in H2. These results were explained with the particle size, the amount of
impurity, and the d-value.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
In metalemetal bonding processes, which are important in
many ﬁelds such as civil engineering, construction industry and
electronics, solders or ﬁllers have conventionally been used for
efﬁcient bonding [1e5]. These solders are melted at high temper-
atures and spread between metallic surfaces; thus, bonding the
surfaces together. A decrease in temperature solidiﬁes the metallic
materials and completes the metalemetal bonding. Metallic alloys
composed mainly of Pb and Sn have been used as solders [1e4].
These metallic alloys melt at temperatures as low as 184 C, lower
than the melting points of many other metallic alloys. The Pb- and
Sn-based alloys diffuse into the materials to be bonded and can be
bonded at low temperatures. It is well known that Pb is harmful to
living organisms, which limits its use. Various Pb-free alloys have
been developed as new solders [6e11]. Although low-temperature.jp (Y. Kobayashi).
onal University, Hanoi.
y Elsevier B.V. on behalf of Vietnammetalemetal bonding can be conducted using Pb-free solders,
there is a serious problem: the bonded materials may break apart
when exposed to temperatures higher than their melting points
due to re-melting of the solders.
Metallic materials, such as Au, Ag, and Cu, can be used as ﬁllers
because they have excellent electrical and thermal conductivities.
However, their melting points are ca. 1000 C, higher than those of
the conventional Pb and Sn-based solders. High-temperature
annealing is required during the bonding process to successfully
bond metallic materials, and these high temperatures thermally
damage the material near the bonding site.
The melting points of metallic materials, such as Au, Ag and Cu,
are ca. 1000 C in the bulk state but decrease as the material size is
decreased to several nanometers [12e16]. This decrease in the
melting point decreases the temperature needed for the metal-
emetal bonding process. Once the metallic materials are bonded
with the metallic nanoparticles, they remain bonded, even at
temperatures higher than the melting points of the metallic
nanoparticles because the nanoparticles convert to a bulk state
during bonding. Various researchers have studied on metalemetal
bonding process using metallic Ag nanoparticles as the ﬁllerNational University, Hanoi. This is an open access article under the CC BY license
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Although metallic Ag nanoparticles work well as a ﬁller for met-
alemetal bonding, they have some disadvantages: metallic Ag is
relatively expensive and prone to migration under an applied
voltage, which may damage an electric circuit.
Metallic Cu is promising as a ﬁller for bonding because it is
inexpensive and electric migration does not take place as often as it
does with metallic Ag. Several researchers have studied metal-
emetal bonding using metallic Cu nanoparticles [20,24e27]. Yan
et al. reported that metalemetal bonding was performed in air, in
which the shear strength required for separating the bonding
materials was below 15 MPa [24]. Morisada et al. [20] and Nishi-
kawa et al. [25] also performed the metalemetal bonding, in which
high pressure was applied to the materials to be bonded during
bonding in air to achieve the strong bonding against oxidation of
metallic Cu nanoparticles. Ishizaki et al. [26] and Liu et al. [27]
performed metalemetal bonding in reducing atmosphere such as
H2 gas and formic acid vapor to avoid the oxidation of metallic Cu
nanoparticles, respectively. Accordingly, it is summarized that the
studies on metalemetal bonding process using metallic Cu nano-
particles should face difﬁculty regarding strong bonding because of
the chemical instability of the metallic Cu nanoparticles. Therefore,
methods for fabricating chemically stable metallic Cu nanoparticles
should to be developed for enabling the metalemetal bonding
process using metallic Cu nanoparticles. From this viewpoint, our
research group has studied the effects of fabrication conditions
such as concentrations of raw chemicals and reaction temperature
on the morphology of metallic Cu nanoparticles [27e31], which
may be used to fabricate chemically stable metallic Cu nano-
particles. In addition, we have also developed methods for stabi-
lizing metallic Cu nanoparticles by coating them with a polymer
shell [32,33] and by forming composite nanoparticles with metallic
Ag, which is relatively stable [34,35]. In this review, we introduce
our recent studies on Pb- and Sn-free, Cu-based nanoparticles, in
which the main components are metallic Cu, such as metallic Cu
nanoparticles and nanoparticles containing metallic Cu for the
metalemetal bonding process [28e38].
Apart frommetallic Cu nanoparticles, Cu in the oxidative state is
also Cu-based material. However, the nanoparticles of Cu in the
oxidative state have not used as the ﬁller in metalemetal bonding
thus far. Such Cu might be suitable as a precursor of metallic Cu
since it can be reduced to metallic Cu with a reducing agent or
reducing atmosphere. Therefore, Cu salt and Cu oxide may be also
suitable as insertion powders for bonding metallic materials. Their
nanoparticles are expected to be transformed into metallic Cu
nanoparticles during bonding in reducing atmosphere. Simulta-
neously, metallic Cu nanoparticles will bond with metallic mate-
rials. From this viewpoint, we studied the metalemetal bonding
process using the nanoparticles of Cu in the oxidative state
[39e44]. We also introduce our recent studies on Pb- and Sn-free,Fig. 1. Schematic of procedure for bonding and measuring shear strength. (1) metallic disk
(10 mm diameter, 5 mm thick). Originally from World Journal of Engineering 10 (2013) 113eCu-based nanoparticles, in which the main components are Cu in
the oxidative state, such as Cu-salt nanoparticles [39], Cu-oxide
nanoparticles [40e45], and nanoparticles containing Cu oxide for
the metalemetal bonding process [42].
2. Copper salt nanoparticles
Cuprous iodide (CuI) is a candidate among various Cu salts as an
insertion powder since it is chemically stable and can be easily
prepared in aqueous solution. Preparation of CuI in aqueous solu-
tion has been reported. Zhou et al. produced precipitate of CuI from
cupric chloride (CuCl2) and potassium iodide/sodium sulﬁte (KI/
Na2SO3) [46]. Yang et al. reported preparation of porous spherical
CuI nanoparticles from cupper acetate (Cu(CH3COO)2), KI, sodium
hydroxide (NaOH), and hydroxylamine hydrochloride [47]. These
methods successfully resulted in the fabrication of CuI crystallites.
However, they require a long time and many steps. This section
introduces our study on the development of an alternative method
for preparing CuI particles in aqueous solution by simply mixing
CuCl2, KI, and Na2SO3 in H2O at room temperature, and the met-
alemetal bonding process using CuI nanoparticles [39].
A colloid solution of CuI nanoparticles was synthesized by redox
reaction. A freshly prepared Na2SO3 aqueous solution containing KI
was added to a CuCl2 aqueous solution under vigorous stirring at
room temperature. The mixture turned yellow-green immediately
after the addition of the KI/Na2SO3 aqueous solution to the CuCl2
aqueous solution. The yellow-green product was cuprous hydrox-
ide (CuOH) since the addition of Na2SO3 brought about an increase
in pH. After the color turned, themixture gradually became opaque,
which implied production of a colloid solution of CuI particles.
As-prepared particles were quasi spherical, and the particle size
was 128 ± 34 nm, as shown in the TEM image in the reference [39].
Their crystal structure was g-CuI. Their metalemetal bonding
property was investigated using the set-up shown in Fig. 1
[21,48e50]. Samples for the metalemetal bonding were
powdered particles obtained by removing the supernatant of the
nanoparticle colloid solution with decantation and drying the res-
idue at room temperature for 24 h in a vacuum. The powdered
particles were spread on a metallic Cu disc, or stage, with a diam-
eter of 10 mm and thickness of 5 mm. A metallic Cu disc, or plate,
with a diameter of 5mm and thickness of 2.5mmwas placed on top
of the powder sample. The Cu discs were pressed at 1.2 MPa while
annealing in H2 at 400 C for 5 min with a vacuum reﬂow system.
After bonding, the Cu discs were separated by applying a shear
strength, which was measured with a bond tester. With the use of
as-prepared CuI particles, the Cu discs could not be bonded since
the CuI was not reduced to metallic Cu under such bonding con-
ditions. It was speculated that the existence of I probably prevented
the formation of metallic Cu. Then, partially removing I from the
CuI powder was attempted, or the as-prepared CuI particle powder(plate) (5 mm diameter, 2 mm thick), (2) nanoparticle powder, (3) metallic disk (stage)
118.
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in production of a mixture of CuI and cupric oxide (CuO). With the
pre-annealing in air, the Cu discs were successfully bonded, and a
shear strength of 14.8 MPa was recorded. A glossy red product that
was obviously metallic Cu was observed over a widespread area on
the stage, which indicated that the pre-annealing in air was effec-
tive in the formation of metallic Cu; consequently, successful
bonding could be done. In the bonded region, though some voids
were also formed and no large crack was formed, sintering of
particles took place and micron-sized domains were produced,
which resulted in successful bonding.3. Copper oxide nanoparticles
There are two types of Cu oxide, CuO and cuprous oxide (Cu2O).
This section introduces our studies on CuO and Cu2O nanoparticles
for metalemetal bonding.3.1. Cupric oxide nanoparticles
CuO nanoparticles can be easily produced using metal saltebase
reaction in aqueous solution. Lee et al. reported preparation of
uniform colloidal solution of CuO nanoparticles by using a
controlled double-jet technique involving copper (II) nitrate
(Cu(NO3)2) aqueous and NaOH aqueous solutions and studied its
formation mechanism [51]. Liu et al. prepared CuO particles by a
hydrothermal process using cupric dodecylsulfate aqueous solution
and NaOH aqueous solution [52]. The obtained particles were single
crystalline, and their structure was platelet. Zheng and Liu syn-
thesized CuO hierarchical nanosheets under mild conditions (near-
neutral pH and near-room temperature) using Cu(CH3COO)2
aqueous solution and NH3 solution and studied the growth
mechanism of the CuO nanosheets [53]. We also adapted the metal
saltebase reaction to produce CuO nanoparticles. Colloid solutions
of CuO nanoparticles were synthesized using a reaction between CuFig. 2. TEM images of various particles. Particles were fabricated by metal saltebase reaction
of (a) 5, (b) 20, (c) 30, (d) 50 and (e) 80 C. Originally from Journal of Nanoparticle Researchions and a base [40e44]. The NaOH aqueous solution was added to
the Cu(NO3)2 aqueous solution under vigorous stirring. The
morphology of the CuO nanoparticles was found to be strongly
dependent on preparation conditions such as reaction temperature
[40,41], molar ratio of NaOH/Cu ions (Na/Cu) [41,43], and aging
process at temperatures higher than room temperature [41]. The
particle morphology should have an effect on metalemetal
bonding properties of CuO particle powder. The aim of this section
is to introduce our studies on the effects of preparation conditions
on themorphology of CuO particles and theirmetalemetal bonding
properties. A low-temperature metalemetal bonding process using
CuO nanoparticles was proposed [44], and CuO nanoparticles
mixed with silver oxide (Ag2O) particles were examined towards
not only CueCu bonding but also AgeAg bonding [42].3.1.1. Effect of reaction temperature
This section explains the effect of reaction temperature on
particle morphology and metalemetal bonding properties [40,41].
At a reaction temperature of 5 C, a blue, clear Cu(NO3)2 solution
turned into a blue, opaque colloid solution, which indicated that
copper (II) hydroxide (Cu(OH)2) particles were produced. For re-
action temperatures of 20e80 C, a Cu(NO3)2 aqueous solution
turned brown after the colloid solution turned blue and opaque,
which implied production of CuO particles.
Fig. 2 shows transmission electron microscopy (TEM) images of
as-prepared particles. At 5 C, submicron-sized aggregates irregular
in size and shapewere produced. At 20 C, leaf-like aggregates with
a longitudinal size of ca. 600 nm and lateral size of ca. 400 nmwere
produced. A high magniﬁcation image (inset of Fig. 2) reveals that
the aggregates were composed of nanoparticles with a size of ca.
10 nm, which was roughly estimated with TEM observation since
outlines of the nanoparticles were not clear-cut. The pH was 4.8
prior to the addition of NaOH, reached a peak of 6.8 at 3 h after the
addition, then gradually decreased. Finally, it leveled out at 6.2 at
24 h. Electrophoretic light scattering measurement indicated thatusing Cu(NO3)2 aqueous solution and NaOH aqueous solution at reaction temperatures
13 (2011) 5365e5372.
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Accordingly, the pH approached the iep from the initial pH of 4.8
without going above it with the addition of NaOH. During the
approach, the Cu nanoparticles formed aggregates. The aggregates
appeared to become small with an increase in reaction tempera-
ture. The aggregate size decreased from 567.1 ± 52.0 to
39.5 ± 13.7 nm with an increase in the reaction temperature from
20 to 80 C. At 80 C, the pH rapidly reached maximum compared
with other temperatures, decreased, then ﬁnally leveled out at
5.9 at 12 h. This pH was lower than that of 6.2 at 20 C. The CuO
nanoparticles produced at 80 C had an iep of ca. 10.9, which was
higher than that at 20 C, though the reason for the high iep is still
unclear. It is worth noting that the difference between the iep and
the ﬁnal pHwas 4.0, which was large compared to the case at 20 C,
i.e., 3.0. This meant that the pH moved away from the iep, and
electrostatic repulsion between the particles became active.
Consequently, aggregation of particles was controlled at high
temperatures. The size of the nanoparticles that comprised the
aggregates tended to increase as the reaction temperature
increased. The high reaction temperature should accelerate
movement of CuO primary particles, i.e., CuO nuclei, which were
generated in the solution at the initial reaction stage. This accel-
eration of movement probably increased collision frequency of the
nuclei in the solution. Consequently, the nuclei formed CuO parti-
cles, which particles grew intensively, at high reaction
temperatures.
Fig. 3(a)e(e) show X-ray powder diffraction (XRD) patterns of
the as-prepared particles. At the reaction temperature of 5 C, no
crystalline Cu compounds were obtained. At 20 C, monoclinic CuO
and copper nitrate hydroxide (Cu2(OH)3NO3) were produced.
Above 20 C, only CuO was produced, which indicates that the re-
action for formation from Cu(NO3)2 to CuO was completed above
20 C. Average crystal sizes, which were estimated from the
broadening of the XRD line of the XRD peak according to the
Scherrer equation, ca. 10 nm, were 9.7, 9.6, 11.4, and 9.6 nm at 20,
30, 50, and 80 C, respectively. Therewas no large difference among
the reaction temperatures examined.
An endothermic peak and weight loss were detected at ca.
200 C, as shown in the thermogravimetric-differential thermal
analysis curves for the particles prepared at 20 C in the reference
[40]. According to the XRDmeasurement shown in Fig. 3(b), the as-
prepared metallic Cu particles contained Cu2(OH)3NO3. According
to Lee et al. [51], Cu2(OH)3NO3 begins to decompose into CuO at ca.
225 C under an increase in temperature, which results in weight
loss due to elimination of H2O and the NO3 group. Thus, the weightFig. 3. XRD patterns of various particles. Particles were same as in Fig. 2. Curve (f) is
XRD pattern for aluminium stage after bonding using CuO nanoparticles (b). Symbols
(;) and (C) and (B) stand for metallic Cu, CuO, and Cu2(OH)3NO3, respectively.
Originally from Journal of Nanoparticle Research 13 (2011) 5365e5372.loss accompanying the endothermic peak was assigned to the
decomposition of Cu2(OH)3NO3 into CuO. This result suggests that
the annealing made it possible to produce pure CuO even if
Cu2(OH)3NO3 was contained as an impurity in the CuO particles. An
exothermic peak and weight loss were detected in the temperature
range of 250e320 C, and the weight did not change above 320 C.
The weight loss in the range of 250e320 C was 21.8% with respect
to the weight at 250 C. Assuming that all the particles at 250 C
were CuO, the weight loss due to removal of O from CuO was
estimated as 20.8%, which almost corresponded to the measured
weight loss of 21.8%. Accordingly, CuO was completely reduced in
the reducing gas to form metallic Cu in the range of 250e320 C.
Fig. 3(f) shows the XRD pattern of the particles on the metallic Al
stage after bonding using CuO nanoparticles. The Al discs, not Cu
discs, were used in this XRD measurement for distinguishing peaks
of the particles from those of the Al stage. Peaks at 43.3, 50.4, and
74.1 were attributed to metallic Cu, and no other peaks were
detected. This result conﬁrms that the Cu oxide was completely
reduced to metallic Cu, which supported the result from thermal
analysis. Thus, the bonding temperature was adjusted to 400 C for
completing the decomposition of Cu2(OH)3NO3 into CuO and the
reduction of CuO tometallic Cu. After shear strengthmeasurement,
reddish-brown products, which were obviously metallic Cu, were
obtained over a widespread area on the Cu stage for all samples
examined. This indicates that the as-prepared particles were
reduced to metallic Cu annealing in H2 gas, which was supported
with thermal analysis and XRD measurement. Consequently, the
metallic Cu bonded the Cu discs. Though a reddish-brown product
was also produced for the reaction temperature of 5 C, the Cu discs
were not strongly bonded. In contrast, strong bonding was ob-
tained using the CuO particles prepared above 5 C. The shear
strength was as high as 25.4 MPa for the sample at 20 C. The shear
strength roughly tended to decrease with the increase in reaction
temperature. At 20 C, each CuO nanoparticle was located close to
other CuO nanoparticles, i.e., the powder of CuO particles was
dense. At 20 C, the metallic Cu particles that were produced from
the CuO nanoparticles likely fused more easily because of this
denseness. Consequently, the fusion resulted in strong bonding.
Fig. 4 shows scanning electron microscopy (SEM) images of the
surface of the Cu plate separated by shear stress. Particles with a
size of ca. 200 nm appeared to be sintered at the reaction tem-
perature of 5 C. In contrast, at 20 C, many dimples were observed
accompanied with sharp tips on the surface. The dimples tended to
disappear with the increase in the reaction temperature. Morisada
et al. observed similar dimples on the fracture surface of the
strongly bonded area using Ag nanoparticles [20]. Dimples are
formed in the bonded region when metallic materials are torn off
by shear stress. Accordingly, this observation supports the argu-
ment that Cu discs can be strongly bonded using CuO particles
prepared at 20 C.
3.1.2. Effect of NaOH/Cu ratio
This section explains the effect of the NaOH/Cu ratio on particle
morphology and metalemetal bonding properties [41,43]. The
colloid solutions were bluish and opaque at a ratio of 1.5, brownish
at 1.6e2.0, and grayish black at 2.1. The observations imply that a
large amount of CuO, which is black, was produced at a large Na/Cu
ratio. At 2.1, the grayish-black colloid solution was not highly
dispersed, and sedimentation of particles took place immediately
after preparation.
TEM images of various particles are shown in the reference
[43]. At the ratio of 1.5, thin plate-like particles were observed,
which might have been related to the production of the bluish and
opaque colloid solution. At 1.6, leaf-like aggregates were produced
beside the plate-like particles. At 1.7e2.1, the plate-like particles
Fig. 4. SEM images of Cu stages after measurement of shear strength. Particles used for measurements were same as in Fig. 2. Originally from Journal of Nanoparticle Research 13
(2011) 5365e5372.
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High-magniﬁcation imaging revealed that the aggregates were
composed of nanoparticles of ca. 10 nm. Since the lateral size of
aggregates was almost constant at ca. 300 nm at 1.6e2.1, we
regarded their longitudinal size as the aggregate size in this study.
In the range of 1.6e2.0, the longitudinal size tended to decrease
from 796 to 601 nm with the increase in the ratio. At Na/Cu ratios
smaller than the stoichiometric ratio of 2.0, the ionic strength of
the solution decreased probably because the Cu2þ and OH ions
derived from the added NaOHwere consumed to produce Cu(OH)2
particles. An increase in ionic strength compresses the double
layer on the colloidal particles, which, according to previous
studies, is likely due to the thickness of the electrical double layer
around particles increasing as ionic strength decreases [54e56].
The increase in the electrical double layer thickness prevented
particle collision following aggregation of the particles. As a result,
the aggregate size decreased with the increase in the Na/Cu ratio.
The increase in the ratio to 2.1 increased the longitudinal size to
950 nm. The addition of NaOH was considered to increase the
amounts of Naþ and OH ions in the solution. The increase in the
Na/Cu ratio resulted in an increase in ionic strength of the solution
in a ratio range larger than the stoichiometric ratio of 2.0. The
increase in ionic strength made the CuO particles approach other
CuO particles because of the decrease in the thickness of the
electrical double layer around the particles, which promoted ag-
gregation of particles. As a result, the aggregate size increased
with the increase in the Na/Cu ratio. The crystal structures of
particles were Cu2(OH)3NO3 at ratios of 1.5 and 1.6. The trans-
formation from Cu2(OH)3NO3 to CuO took place at 1.7 and 1.9, and
the transformation completed at 2.0 and 2.1. The average crystal
sizes were 11.4, 13.5, 15.8, 15.8, and 17.6 nm for the ratios of 1.7, 1.8,
1.9, 2.0 and 2.1, respectively. The crystal sizes roughly corre-
sponded to the particle size of ca. 10 nm that comprised the ag-
gregates. This indicates that the particles were regarded as single
crystals, because it is not possible that a single crystal is larger
than a particle.The Cu discs could be bonded for all the samples. After mea-
surement of shear strength, all the Cu discs had reddish-brown
products on their surfaces, which appeared to be metallic Cu.
Reduction of CuO to metallic Cu also took place between the Cu
discs, resulting in the bonding of Cu discs. The shear strengths were
21.6, 20.2, 19.0, 13.2, 23.9, 23.4, and 11.7 MPa for the Na/Cu ratios of
1.5, 1.6, 1.7, 1.8, 1.9, 2.0 and 2.1, respectively; the large shear
strengths were recorded at 1.9 and 2.0. As discussed in Section 3.1.1,
NO3 and H2Owere eliminated from Cu2(OH)3NO3 then transformed
into CuO at ca. 200 C. The elimination shrank the particles, then
voids, i.e., gaps, were produced among the particles in the bonded
parts composed of the particles. The bonded parts became sparse
with the production of voids. This probably resulted in weak
bonding; the small shear strengths were recorded at Na/Cu ratios as
small as 1.5e1.7, at which a large amount of Cu2(OH)3NO3 was
contained in the particles. At the ratio of 2.1, a large amount of
NaOH was added to the solution, compared to other small ratios.
Though the CuO particles were washed by repeating a process
several times, which was composed of centrifugation, removal of
supernatant, addition of water, and shake of the mixture with a
vortex mixer for dispersing the particles, and then were dried at
room temperature under vacuum after the ﬁnal removal of super-
natant to obtain powder of the particles, some Naþ ions might have
not been completely removed from the particles. Thus, the CuO
particles should have contained many Naþ ions as impurity at the
high NaOH concentration, or at the ratio as high as 2.1. This might
have resulting in an increase in the impurity contained in the
particles, which weakened the bonding.
3.1.3. Effect of aging
In Sections 3.1.1 and 3.1.2, we explained that the formation of
leaf-like aggregates composed of CuO nanoparticles resulted in
large shear strength, and that the impurity contained in the ag-
gregates weakened their bonding property, which suggests that
pure leaf-like CuO aggregate powder is a promising ﬁller. This
section introduces the process to remove impurity from leaf-like
Y. Kobayashi et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 413e430418CuO aggregates with no damage to their leaf-like structure and
metalemetal bonding properties of the obtained particles [41].
An aqueous solution of NaOH was added to a Cu(NO3)2 aqueous
solution under vigorous stirring at 20 and 80 C, which produced
leaf-like aggregates and single nanoparticles, respectively, as
shown in Fig. 5(a) and (b). For detailed investigation into the effect
of the reaction temperature, the particles prepared at 20 C were
aged at 80 C for 3 h (aging process).
The shear strength at 20 C was 21.8 MPa, which was larger than
15.9 MPa at 80 C since a large shear strength is obtained in large
leaf-like aggregates. As discussed in Section 3.1.1 and according to
the XRD measurement [41], the particles produced at 20 C con-
tained Cu2(OH)3NO3. In Section 3.1.2, we suggested the presence of
impurity deteriorating the bonding property. Accordingly, it was
speculated that removal of Cu2(OH)3NO3 with no damage to the
leaf-like aggregate structure might improve the bonding property.
As discussed in Section 3.1.2 and according to the XRD measure-
ment [41], the particles produced at 80 C did not contain
Cu2(OH)3NO3. Thus, impurity-free leaf-like aggregates were spec-
ulated to be obtained due to the aging process. According to the
TEM observation (Fig. 5(c)) and the XRD measurement [41] of the
particles obtained with the aging process, respectively, which
conﬁrmed that aggregates with leaf-like structureweremaintained
during aging, and did not contain Cu2(OH)3NO3. Thus, the above
speculation was conﬁrmed. With the aging process, the shear
strength was 32.5 MPa, which was larger than those for the parti-
cles produced at 20 and 80 C. For further investigation of a
mechanism on metalemetal bonding, microstructures of the plate-
to-stage joint made using the CuO particles obtained from aging
were observed, as shown in Fig. 6. The particles were sintered,
forming micrometer-sized domains. The domains were so fused
with the Cu stage that a border between the domains and Cu stageFig. 5. TEM images of CuO particles. Colloid solution of samples (a) and (b) were prepared by
with Na/Cu ratio of 1.7 at 20 and 80 C, respectively. Colloid solution of sample (c) was ob
Originally from Science and Technology of Welding and Joining 17 (2012) 556e563.
Fig. 6. SEM images of plate-to-stage joint made using nanoparticles. Images (a), (b), and (c)
were same as in Fig. 5(c). Originally from Science and Technology of Welding and Joining 17could not be clearly observed, confirming strong bonding. Some
voids, whose formation may weaken bonding, were also observed.
A bonding method that does not result in the production of such
voids should be developed for better bonding.
3.1.4. Low-temperature bonding
We performed metalemetal bonding using CuO nanoparticles
in H2 gas at temperatures as high as 400 C because the nano-
particles needed to be reduced completely for strong bonding. A
high bonding temperature may damage electrical devices. In this
section, we focus on the annealing temperature in bonding, and its
lowering toward practical use of CuO nanoparticles as a ﬁller [44].
Colloid solutions of CuO nanoparticles were synthesized
through saltebase reaction. An aqueous solution of NaOH was
added to a Cu(NO3)2 aqueous solution under vigorous stirring ac-
cording to our study on CuO-particle fabrication. The reaction
temperatures were 20 (L-CuO) and 80 C (H-CuO). The particle
colloid solutions prepared at 20 C were aged at 80 C for 3 h (aging
process, A-CuO). Their particle morphologies, such as particle size,
aggregate size, and crystal structure, almost corresponded to those
for the particles fabricated with the same process in our study on
CuO nanoparticles.
Fig. 7 shows shear strength as a function of bonding tempera-
ture. With L-CuO, the shear strength decreased from 20.3 to
15.8 MPa with a decrease in the bonding temperature in the range
400e300 C since the high bonding temperatures reduced metallic
Cu. The shear strength was 0 MPa at a bonding temperature as low
as 250 C. The L-CuO particles contained Cu2(OH)3NO3. Zhan et al.
decomposed Cu2(OH)3NO3 into CuO or Cu2O at 280 C in H2 gas
[57]. This means that Cu2(OH)3NO3 is not reduced to metallic Cu at
temperatures lower than 280 C in H2 gas. Accordingly, the CuO
particles containing Cu2(OH)3NO3 were not reduced to metallic Cumetal saltebase reaction using Cu(NO3)2 aqueous solution and NaOH aqueous solution
tained using aging process for sample (a), i.e., aging as-prepared sample (a) at 80 C.
were taken with various magniﬁcations shown in images. Particles used for observation
(2012) 556e563.
Fig. 7. Shear strengths as function of bonding temperature. Samples (a), (b), and (c)
were L-CuO, H-CuO, and A-CuO, respectively. Originally from Journal of Chemical En-
gineering of Japan 48 (2015) 1e6.
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discs were not bonded. With H-CuO, the shear strength was
14.6 MPa at a bonding temperature as low as 400 C. The shear
strength tended to decrease in the range of 7.1e14.9 MPa with
decreasing bonding temperature from 400 to 250 C; bonding was
achieved even for low bonding temperature. The H-CuO particles
did not contain Cu2(OH)3NO3. Thus, the Cu discs were successfully
bonded even when annealing at 250 C. For the A-CuO particles, a
shear strength as high as 29.5 MPa was detected at the bonding
temperature of 400 C. The shear strength also decreased with a
decrease in the bonding temperature. The shear strength was as
high as 17.0 MPa even for a bonding temperature as low as 250 C,
which was higher than those of L-CuO and H-CuO. In our previous
study, for particles containing Cu2(OH)3NO3, the bonded site should
have been sparse due to volume shrinkage arising from the removal
of H2O and NO2 [43]. On the contrary, for the A-CuO particles, such
volume shrinkage did not take place due to removal completion.
Consequently, the bonded site became dense with the aging pro-
cess, which strengthened the bonding. In another previous study,
we demonstrated that the leaf-like aggregates of CuO particles are
suitable for bonding compared to dispersed CuO particles [40]. The
aging process removed Cu2(OH)3NO3 from CuO particles with no
change in their structure and ﬁnally produced leaf-like aggregates
of CuO particles with no Cu2(OH)3NO3. This is also the reason for
the large shear strength for the aging process.3.1.5. Mixing with Ag2O particles
The previous sections introduced our studies on the CueCu
bonding processes using CuO nanoparticles. Apart from the CueCuFig. 8. TEM images of (a) CuO particles, (b) Ag2O particles, and (c) Ag2O/CuO mixed pbonding, CuO particles are not expected to be suitable for bonding
of other metals such as metallic Ag because of the mismatch of d-
values between Cu and Ag. For AgeAg bonding, nanoparticles of
Ag2O are suitable due to the good afﬁnity between Ag particles
obtained from Ag2O and Ag discs. Accordingly, a mixture of CuO
and Ag2O nanoparticles (Ag2O/CuO mixed particles) will function
as an almighty ﬁller for bonding of metallic Cu and metallic Ag. In
this section, we describe our study on the metalemetal bonding
process using Ag2O/CuO mixed particles [42].
A colloid solution of leaf-like CuO nanoparticle aggregates with
a longitudinal size of 1116 nm and a lateral size of 460 nm, which is
shown in Fig. 8(a), was prepared in the same manner using the
saltebase reaction discussed in previous sections. Colloid solutions
of Ag2O nanoparticles were also prepared through saltebase re-
action. A NaOH aqueous solution was added to a silver nitrate
(AgNO3) aqueous solution under vigorous stirring at 80 C. The TEM
observation (Fig. 8(b)) revealed that particles with a size of
20.6 ± 3.0 nm and aggregates lager than ca. 100 nmwere produced.
Both powders were mixed at an Ag2O weight fraction for the ﬁnal
powder of 50% for obtaining Ag2O/CuOmixed particles, an image of
which is shown in Fig. 8(c).
The shear strengths of the CuO nanoparticles for the Cu and Ag
discs were 30.7 and 15.2 MPa, respectively, the order of which
corresponded to the prediction based on the mismatch of d-
values between Cu and Ag. The shear strengths of the Ag2O
nanoparticles for the Cu and Ag discs were as high as 24.6 MPa
and as low as 17.0 MPa, respectively. A mechanism for the low
shear strength could be explained with the mismatch of d-values
between Cu and Ag, as well as the case of CuO particles for the Ag
discs. The shear strength of the Ag2O/CuO mixed particles for the
Cu discs was 17.3 MPa, comparable to 20 MPa, which is the target
value for practical use. However, the shear strength was lower
than that of 30.7 MPa for the CuO particles. Metallic Ag derived
from the Ag2O nanoparticles contained in the Ag2O/CuO mixed
particles probably did not smoothly diffuse into the Cu discs
because of the mismatch of d-spacing between metallic Ag and
metallic Cu. Consequently, the shear strengths were recorded. For
the Ag discs, the shear strength was 22.4 MPa, which was higher
than 15.2 MPa for the CuO particles; metallic Ag derived from the
Ag2O nanoparticles aided in efﬁcient AgeAg bonding. The shear
strength of 22.4 MPa was comparable to 24.6 MPa for the Ag2O
particles; the existence of metallic Cu derived from the CuO
nanoparticles contained in the Ag2O/CuO mixed particles did not
intensively deteriorate the AgeAg bonding. Yasuda et al. per-
formed CueCu bonding by using metallic Ag nanoparticles
fabricated using a reaction between AgNO3 and ascorbic acid in
toluene, which resulted in a shear strength of 24.0 MPa [21].
The shear strength of 22.4 MPa we recorded in this study
was comparable to this shear strength. Accordingly, the cost forarticles. Originally from Advanced Materials Research 622e623 (2013) 945e949.
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particles to Ag2O particles.
3.2. Cuprous oxide nanoparticles
The cuprous oxide is also promising as a ﬁller since Cu2O is more
easily reduced thermodynamically to metallic Cu than CuO.
Cuprous oxide can be produced by electrochemical reaction [58],
sonication assistance [59], microwave assistance [60], and hydro-
thermal reaction [61]. Although these methods work well, they
require processes other than chemical reactions that complicate
the production processes. The cuprous oxide can also be produced
with Fehling's reagent [62]. The ﬁnal solution contains sulfate,
potassium sodium tartrate, and a reductant such as glucose as well
as Cu ions, which may function as impurities that deteriorate the
bonding properties. In our study, Cu2Owas produced by optimizing
the concentrations of raw chemicals in a reaction between
Cu(NO3)2 and sodium borohydride (NaBH4) in aqueous solution.
Because this method involves only mixing Cu(NO3)2 aqueous so-
lution and NaBH4 aqueous solution, it is simple, similar to CuO
production. The aim of this section is to explain our method for
producing Cu2O nanoparticles and their metalemetal bonding
properties [45].
An inset of Fig. 9 shows a TEM image of the Cu2O particles
fabricated with 0.010 M NaBH4 at 40 C. Several particles appeared
to form an aggregate. The particle colloid solutionwas concentrated
by drying a colloid solution dispersant during the preparation of
the TEM sample, which ﬂocculated the particles to form the
aggregate. The particles were angular and had an average size of
111 ± 34 nm. The particle size was larger than the crystal size of
21.2 nm. Accordingly, the Cu2O particles were polycrystalline. Fig. 9
shows the atomic ratios of the bonds estimated from the X-ray
photoelectron spectroscopy (XPS) peak-area intensity. The ratios of
the CuþeO, Cu0eCu0, and Cu2þeO bonds decreased, increased, and
stayed almost constant, respectively, as the etching time increased.
These results indicate that the Cu2O particles contained the
Cu0eCu0 bonds, of which there were many at their core, and the
Cu2þeO bonds were distributed uniformly in them. These assign-
ments suggest two possible routes for the production of Cu2O. One
is some Cu2þ ions are reduced to Cu0, and the rest are reduced to
Cu0 to form Cu2O. The other is all Cu2þ ions are reduced to Cu0, then
some Cu0 species are oxidized with O in air to Cuþ to form Cu2O.Fig. 9. Atomic ratios of various bonds for surfaces of Cu2O particles as function of
number of Ar etching steps. ( ) CueCu, ( ) CuþeO, and ( ) Cu2þeO. Originally from
Journal of Materials Research and Technology, in press (http://dx.doi.org/10.1016/j.jmrt.
2016.05.007).A preliminary experiment revealed that the Cu discs do not
bond with commercially available Cu2O powder, meaning that its
shear strength is 0 MPa. The Cu2O powder was not reduced in H2
gas at 400 C in accordance with the thermal analysis. The non-
reduction resulted in the lack of bonding. In contrast, the Cu discs
were strongly bonded with the Cu2O particles fabricated in this
study, and the shear strength of the Cu2O particles was 27.9 MPa. It
is possible that the Cu2O reduced to metallic Cu, the metallic Cu
grew and formed metallic Cu nanoparticles, then the nanoparticles
bonded with the Cu discs. The ﬁne cluster-like domains composed
of Cu0eCu0 bonds probably promoted the growth of metallic Cu
epitaxially. Consequently, strong bonding was attained with the
Cu2O particles. The shear strength of 27.9 MPa was comparable to
those of metallic Cu particles and CuO particles, which were
recorded in our previous studies [28,41]. Accordingly, this result
indicates that Cu2O particles can function as a ﬁller for metal-
emetal bonding.
Sintering of particles took place; consequently, micron-sized
domains were formed, similarly to Fig. 6. Fig. 10 shows the results
of the electron backscatter diffraction (EBSD) analysis for the par-
ticle layer after bonding and measuring shear strength. Fig. 10(a)
shows a band contrast map of the particle layer. Particles with light
contrast were observed, and their sizes were in the range of ca.
50e300 nm,which are orders of nano-meter and submicron-meter.
Fig. 10(b) shows a mean angular deviation map of the same region
shown in Fig. 10(a). The contrast between grayish and blackish sites
was clearly observed, which meant that the EBSD analysis was
successfully conducted for the particle layer. Fig. 10(c), (d), and (e)
show EBSD-determined inverse pole ﬁgure maps in the directions
of the x, y, and z axes, respectively. They were obtained by analyzing
the back scattering intensity in the directions in Fig. 10(b). Each
particle had almost a single color, which indicated that the Cu2O
particles became nano-sized or submicron-sized metallic Cu single
crystals or ﬁne metallic Cu single crystals. The process of annealing
in H2 gas under pressure was considered to not only reduce Cu2O to
metallic Cu but also the formation of micron-sized domains
composed of ﬁne single crystals. The XPS measurements and
measurement of bonding strength gave rise to speculation that the
epitaxial growth of metallic Cu promoted by the ﬁne cluster-like
domains composed of Cu0eCu0 bonds might have accelerated the
formation of single crystals. Solid materials composed of particles
with small grain size are mechanically strong compared with large
grain size due to the HallePetch effect [63,64]. Thus, themetallic Cu
particles produced due to reduction form mechanically strong do-
mains were composed of the ﬁne single crystals, which resulted in
the strong bonding of Cu discs in our study.
4. Metallic copper nanoparticles
In the previous sections, we discussed metalemetal bonding
using CuI and CuO nanoparticles. These nanoparticles worked as
ﬁllers. However, pre-annealing was required for the CuI nano-
particles to transform CuI to CuO because CuI was not easily
reduced with annealing in H2 gas, which did not strongly bond the
Cu discs. For CuO, a particle ﬁller suitable for metalemetal bonding
was found to contain impurity-free leaf-like aggregates composed
of CuO nanoparticles. There is a serious problem regarding both
types of particles; the bonding in H2 gas, which is required to
reduce the particles to produce metallic Cu for bonding, eliminates
O from CuO particles to form pores in the particles. The pores
become voids among the sintered particles during bonding, which
might deteriorate the bonding ability. From this view point,
metallic Cu nanoparticles are promising as a ﬁller since none were
eliminated from the metallic Cu nanoparticles, which would pro-
duce no pores. However, metallic Cu nanoparticles are easily
Fig. 10. Results of EBSD analysis for Cu2O particle layer after bonding and measurement of shear strength. Image (a) shows band contrast map. Image (b) shows mean angular
deviation map. Images (c), (d), and (e) show EBSD-determined inverse pole ﬁgure maps in directions of x, y, and z, respectively. Originally from Journal of Materials Research and
Technology, in press (http://dx.doi.org/10.1016/j.jmrt.2016.05.007).
Y. Kobayashi et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 413e430 421oxidized in air, which makes long-term preservation of metallic
nanoparticles ormaintenance of the bonding ability of particles for
long term difﬁcult. In this section, we introduce our study on the
development of methods for fabricating chemically stable metallic
Cu nanoparticles that have metalemetal bonding ability
[28e31,36e38].
4.1. Direct reduction method
Various direct reduction processes, such as chemical reduction,
sono-chemical reduction, thermal reduction, g-radiation, and laser
ablation, have been proposed for producing metallic Cu nano-
particles [65e72]. Because of their instability toward oxidation in
air, it is necessary to develop methods for improving the chemical
stability of particles. We developed methods for coating Cu nano-
particles with a solid shell of silica or polypyrrole (PPy) for stabi-
lizing the particles [73,74]. The solid shell acts as a physical barrier
to prevent O molecules from contacting the metallic Cu nano-
particles; consequently, oxidation of the metallic Cu can be
controlled. However, these methods cannot be used for efﬁcient
bonding since solid shell materials will remain after bonding, dis-
turbing the diffusion of components required for strong bonding.
Another approach is preparation of metallic Cu nanoparticles in
aqueous solution containing polymers or surfactants as stabilizers,
which prevent the reaction of O with the surface Cu atoms. This
section introduces our studies on the development of methods for
producing chemically stable metallic Cu nanoparticles and on their
bonding properties [28e31]. Colloid solutions of metallic Cu
nanoparticles were prepared by adding hydrazine (N2H4) to a Cu-
salt aqueous solution containing citric acid (C6H8O7) and cetyl-
trimethyl ammonium bromide (CTAB) under vigorous stirring at
reaction temperatures (TCu) from room temperature to 80 C in air.4.1.1. Effect of copper source species
This section introduces our study on the effect of Cu source
species [29]. The Cu salts we examined were CuCl2, Cu(NO3)2, and
(CH3COO)2Cu. For all three salts, the color of the solutions gradually
turned dark red or brown after the addition of N2H4, which implied
production of metallic Cu particles. Fig. 11 shows TEM images of
particles using various Cu salts. Quasi-angular particles with sizes
of 40e80 nm and tiny particles with a size of several nanometers
coexisted in all the samples. The sizes of the quasi-angular particles
were 64 ± 16 nm for CuCl2, 55 ± 15 nm for Cu(NO3)2, and
54 ± 15 nm for (CH3COO)2Cu: The order of particle size for Cu salt is
roughly CuCl2 > Cu(NO3)2 > (CH3COO)2Cu. The counter ions of Cu,
Cl and NO3 are those derived from strong acids of HCl and HNO3,
respectively. Accordingly, most Cl and NO3 are present without
associationwith protons in aqueous solution. On the contrary, since
the counter ion CH3COO is an ion derived from a weak acid,
CH3COOH, it is associated with protons to form CH3COOH. These
explanations for the association of counter ions mean that the ionic
strengths of the solutions for CuCl2 and Cu(NO3)2 were probably
high compared with CH3COOH. Since an increase in the ionic
strength compresses the double layer on solid materials such as
colloidal particles [29e31], the double layer repulsion between Cu
particles is probably small when using CuCl2 and Cu(NO3)2. Thus,
for CuCl2 and Cu(NO3)2, Cu nuclei generated in an early reaction
stage probably aggregated and grew due to the high ionic strength
that would favor Cu nuclei aggregation. XRD patterns of these
particles are shown in the reference [29]. All the patterns show
peaks at 43.31, 50.31, and 74.21, which were attributed to those of
metallic Cu (JCPDS card no. 4-0836). A faint peak assigned to Cu2O
(JCPDS card no. 5-0667) was also detected at 36.51 for each sample.
There was no large difference among the obtained patterns. Ac-
cording to our work that performed thermal analysis and XRD
Fig. 11. TEM images of particles prepared by mixing aqueous solution of Cu salt ((a) CuCl2, (b) Cu(NO3)2, or (c) (CH3COO)2Cu) and N2H4 in presence of C6H8O7 and CTAB. Initial
concentrations of Cu, C6H8O7, CTAB and N2H4 were 0.01, 0.0005, 0.005, and 0.6 M, respectively. Originally from International Journal of Adhesion & Adhesives 33 (2012) 50e55.
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a temperature range of 150e350 C, and the annealing in reducing
gas provided the prevention of oxidation of metallic Cu particles.
This result predicted that metalemetal bonding process in air was
not successfully performed using the metallic Cu nanoparticles.
Thus, metalemetal bonding was performed in reducing gas such as
H2 to avoid oxidation of the metallic Cu during the bonding process
using the metallic Cu particles. The shear strengths were 28.2, 21.9,
and 37.7 MPa for CuCl2, Cu(NO3)2, and (CH3COO)2Cu, respectively. It
is worth noting that the shear strength for the particles from
(CH3COO)2Cu was as large as 37.7 MPa. The order of shear strength
for Cu salt did not correspond to the order of particle size. The
mechanism for this difference is still unclear.
4.1.2. Effect of hydrazine concentration
We have also investigated the effect of N2H4 concentration
[28e31]. TEM images of particles prepared at different N2H4 con-
centrations are shown in the reference [29]. Quasi-angular particles
that had sizes of 40e80 nmwere also observed at all concentrations
examined. There was no large difference in the quasi-angular par-
ticle size among the samples: The sizes were 56 ± 17 nm for a N2H4
concentration of 0.2 M, 56 ± 14 nm for 0.4 M, 54 ± 15 nm for 0.6 M,
59 ± 15 nm for 0.8 M, and 58 ± 19 nm for 1.0 M. The reduction of Cu
ions with N2H4 was discussed with the amount of Cu2O that was
roughly estimated with the intensities of XRD peaks attributed to
Cu2O [29]. Both metallic Cu and Cu2O were produced for the N2H4
concentration of 0.2 M due to shortage of N2H4. The amount of
Cu2O decreased with an increase in N2H4 concentration to 0.4 M.
Most Cu ions were reduced to metallic Cu above a certain threshold
between 0.4 and 0.6 M.
The shear strength increased from 19.8 to 37.7 MPa, as the N2H4
concentration increased in the range of 0.2e0.6 M. The Cu2O was
contained in the particles for 0.2 and 0.4 M. Removal of O from the
Cu oxide probably took place during bonding at 400 C in H2 gas.
The amount of removed O should be large at small N2H4 concen-
tration because of the large amount of Cu2O contained, which
produces many voids in the particles after bonding. Void produc-
tionwas not discussed in the cases of CuO and Cu2O particles in the
Section 3. Because the main products were CuO or Cu2O, there
should not have been a large difference in the amount of produced
voids among the examined samples. Accordingly, the void pro-
ductionwas considered not to have an effect on bonding properties
for the CuO and Cu2O particles. For the metallic Cu particles, the
amount of Cu oxide in particles was dependent on the N2H4 con-
centration, which probably provided a difference in the amount of
produced voids. Accordingly, the void production was discussed in
the present section. Void production will prevent the generatedmetallic Cu from having efﬁcient contact with other particles and
the Cu disk. We considered this speculation in our study. As a result,
the shear strength was small at small N2H4 concentrations. Above
0.6 M, the shear strength decreased with the increase in N2H4
concentration. Though the metallic Cu particle powders were ob-
tained by the same washing and drying processes as those of the
CuO particles, some N2H4 unreacting with Cu ions might have not
been completely removed from the particles. At high N2H4 con-
centrations, much N2H4, which unreacted with Cu ions, probably
remained in the solution. The remaining unreacted chemicals also
possibly resulted in production of voids in the particles. Accord-
ingly, the shear strengths were small at high N2H4 concentrations.
After the measurement of shear strength, a black object was left on
the copper stage for the N2H4 concentration of 0.2 M. The black
object was Cu2O. This indicates that the Cu2O was not completely
reduced during bonding. Accordingly, the non-completion of Cu2O
reduction also led to small shear strength. Above 0.2 M, unifying of
the powder and stage as one body was achieved, though some
brown powders, which were probably not used for bonding, were
also observed on the stage. No dimples were obtained on the Cu
disk surface after the measurement of shear strength for the N2H4
concentration of 0.2 M. Above 0.2 M, many dimples formed, which
resulted in strong bonding. In particular, the dimples were densely
distributed on the stage for 0.6 M, in which the largest shear
strength of 37.7 MPa was obtained. Thus, the dense distribution of
dimples resulted from the strong bonding.
4.1.3. Effect of reduction temperature
We have also studied the effect of reduction temperature (TCu)
[31]. For all TCus, reddish-brown colloid solutions were prepared
and the particles were highly dispersed. The sizes of the particles
were 71 ± 13, 62 ± 14, 69 ± 12, 82 ± 15, 79 ± 22, and 84 ± 18 nm for
TCus of 30, 40, 50, 60, 70, and 80 C, respectively, as shown in the
TEM images in the reference [31]. The particle size tended to in-
crease with an increase in TCu. The high temperatures moved par-
ticles, which promoted particle collision following aggregation and
particle growth [34]. The main product was metallic Cu, and a small
amount of Cu2O was also produced for all samples. After the
measurement of shear strength, reddish-brown metallic Cu parti-
cles were present over a widespread area on the Cu stage. The
particles had shear strengths of 22.1, 22.2, 36.6, 25.9, 24.1, and
26.1 MPa for TCus of 30, 40, 50, 60, 70, and 80 C, respectively. These
values were over 20 MPa, which meant that the discs were strongly
bonded for all samples. The shear strength at 50 C was the largest
among the TCus examined. In the low TCu range below 50 C, the
particle sizes were small, compared to those for high TCus. Small
particles tend to aggregate because of their large surface energy,
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tendency was considered to take place for the low TCu samples
during the preparation of powder samples. As a result, the contact
areas of the particles and Cu discs were small, so the shear
strengths were small for low TCu. Though aggregation of particles
was probably controlled at high TCu, the particle size increased with
increasing TCu. Consequently, the increase in particle size also
decreased the contact areas of the particles and Cu discs, which
decreased the shear strength.
4.1.4. Relationship between species of metallic disc and bonding
properties
Our studies on the metalemetal bonding process using metallic
nanoparticles suggest that the components of metallic nano-
particles diffuse efﬁciently into metallic Cu discs; consequently,
they are strongly bonded [28e31]. We speculate that such efﬁcient
diffusion is possible because of a good match of lattice constants
between ﬁller nanoparticles and bonded materials. The purpose of
this section is to introduce our study to verify this speculation [37].
Metallic Cu nanoparticles with a particle size of 54 ± 15 nm and
a crystal size of 30.4 nm, which were fabricated with the direct
reduction method, were used for our study. Bonding was per-
formed at 400 C in H2, inwhich the discs used for bonding were (i)
metallic Cu discs (Cu discs), (ii) metallic Ni-plated Cu discs (Ni/Cu
discs), and (iii) metallic Ag-plated Ni/Cu discs (Ag/Ni/Cu discs).
The shear strengths for the Cu and Ni/Cu discs were 27.9 and
28.1 MPa, respectively; both strengths were almost the same. On
the contrary, the shear strength for the Ag/Ni/Cu discs was
13.8 MPa, which was the smallest of the three.
To determine themetalemetal bondingmechanism, the bonded
sites were investigated prior to the measurements of shear
strength. Fig. 12(A) shows a microstructure of the plate-to-stage
joint for the Cu discs. Sintering of particles was done thenFig. 12. SEM images of plate-to-stage joint made using Cu nanoparticles fabricated by mixin
temperature. Image (b) is high magniﬁcation image of area surrounded with rectangle in im
image (b). Plate and stage used were (A) Cu, (B) Ni/Cu, and (C) Ag/Ni/Cu discs. Originally frmicron-sized domains formed. The domains and Cu discs were also
sintered, and a border between the domains and Cu stage could not
be clearly observed. This observation conﬁrmed strong bonding.
Fig. 12(B) shows a microstructure of the plate-to-stage joint for the
Ni/Cu discs. Plated Ni was clearly observed as darker layers with a
thickness of ca. 2 mm on the Cu surfaces. Lines with light contrast
were observed between the Cu and Ni surfaces. The lines were
thought to form due to incomplete bonding. In contrast to the Cu
discs, a border between the domains of the sintered Cu particles
and Ni surface was clearly observed as lines with light contrast,
which indicates that sintering between them appeared incomplete.
This incomplete sintering was not as serious since it affected the
shear strength, though incomplete sintering possibly deteriorates
bonding in general. Fig. 12(C) shows a microstructure of the plate-
to-stage joint for the Ag/Ni/Cu discs. Plated Ag was clearly observed
as lighter layers with a thickness of ca. 1 mm on the plated Ni layers
with a thickness of ca. 1 mm. Sintering of the Cu particles was done
as well as the cases of the Cu discs (Fig. 12(B)) and Ni/Cu discs
(Fig. 12(C)). No Cu particle layers formed on the Ag surfaces. In
contrast to the Cu and Ni discs, a border between the domains and
Ni surface was clearly observed as lines with light contrast, which
implies that sintering between them was incomplete. This obser-
vation supports the argument that the shear strength is smaller
than those for the Cu and Ni/Cu discs.
The lattice constants of metals are 0.3615 nm for Cu, 0.3524 nm
for Ni, and 0.4086 nm for Ag. The differences in lattice constants
between Cu and Ni and between Cu and Ag are 0.0091 and
0.0471 nm, respectively: the difference in lattice constants between
Cu and Ni is smaller than between Cu and Ag. The shear strengths
for the Cu and Ni/Cu discs were larger than for Ag/Ni/Cu discs.
Accordingly, good matching of lattice constants of metallic nano-
particles and metallic disc surfaces was expected to enable strong
metalemetal bonding. In the epitaxial growth mechanism, theg aqueous solution of (CH3COO)2Cu and N2H4 in presence of C6H8O7 and CTAB at room
age (a), and image (c) is high magniﬁcation image of area surrounded with rectangle in
om Surface and Interface Analysis 45 (2013) 1424e1428.
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contact with the crystalline surface; thus, the material is crystal-
lized epitaxially on the crystalline surface [75e79]. A seed crystal
with a lattice constant close to that for the material is suitable to
promoting crystal growth following crystallization because a large
mismatch of the lattice constant between the seed crystal and
material provides stress between them due to the difference in the
crystal growth rate, which generates cracks in the material. We
considered a mechanism similar to the crystal growth mechanism
for bonding. Crystal growth was more dominant for metallic Cu
derived from the Cu nanoparticles on both Cu and Ni surfaces
compared to the Ag surface because of the good matching of lattice
constants. Consequently, the Cu nanoparticles and discs were
strongly bonded; the shear strengths for the Cu and Ni discs were
larger than the Ag discs. In our previous study on bonding of
metallic Cu discs using metallic Ag nanoparticles [48], we con-
ducted elemental analysis by using an energy-dispersive X-ray
(EDX) spectrometer for the interface of the disc and particles. The
EDX results revealed diffusion of Cu and Ag atoms beyond the
interface region. A similar tendency was presumed to take place for
Cu particles and metallic surfaces; we also considered the inter-
diffusion of chemical elements of the sintering layer formed from
Cu particles and discs as an alternative mechanism for bonding.
Further study on the bonding mechanism is in progress.
4.2. CuO-reduction method
The previous section introduced the preparation of a CuO
nanoparticle colloid solution with a saltebase reaction in aqueous
solution. Conditions such as the reaction temperature and Na/CuFig. 13. TEM images of various metallic Cu nanoparticles. Colloid solutions of samples (a), (b)
by saltebase reaction at (a) 20, (b) 40, (c) 60, and (d) 80 C. Originally from Journal of Matratio are important factors for the morphology of CuO particles and
CuO particle aggregates. The CuO particles may be suitable as
precursors for fabricating metallic Cu nanoparticles, of which
morphology or bonding ability should be dependent on the
morphology of CuO particles and CuO particle aggregates. From this
view point, we fabricated metallic Cu nanoparticles by reducing the
copper oxide particles with N2H4 in CTAB aqueous solution and
investigated their bonding properties. This section introduces our
research related to the bonding process using metallic nano-
particles derived from CuO nanoparticles [36,38].
The CuO nanoparticles fabricated at TCuOs of 20, 40, 60, and
80 C, which formed leaf-like aggregates with longitudinal/lateral
aggregate sizes (in nm) of 522 ± 43/406 ± 39, 208 ± 22/151 ± 9,
75 ± 10/48 ± 9, and 84 ± 15/23 ± 5, respectively, were used for the
investigation. The colloid solution of CuO nanoparticles was
reddened with the addition of N2H4 at 30 C. Since surface plasmon
resonance absorption of metallic Cu nanoparticles results in a red
color, the reddening implied the production of metallic Cu nano-
particles. Fig. 13 shows TEM images of the metallic Cu particles. The
particles had rough surfaces. Although some particles larger than
1 mm were observed, almost all the nanoparticles had sizes in the
range of 50e150 nm. The average particle sizes were 92 ± 33,
93 ± 33, 101 ± 37, and 73 ± 23 nm for TCuOs of 20, 40, 60, and 80 C,
respectively; The particle size was approximately constant in the
TCuO range of 20e60 C but decreased when the TCuO was increased
to 80 C. For the CuO particles, the CuO aggregate size decreased
with increasing TCuO. Accordingly, aggregate size was considered as
a reﬂection of particle size. The XRD measurements revealed that
the main products were metallic Cu for all particles [38], which
indicates the successful reduction of CuO to metallic Cu. The, (c), and (d) were prepared by reducing CuO nanoparticles in colloid solutions prepared
erials Research and Technology 3 (2014) 114e121.
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estimated from the XRD line broadening of the metallic Cu peak
using the Scherrer equation, were 33.1, 31.1, 28.2, and 32.6 nm at
TCuOs of 20, 40, 60, and 80 C, respectively. The particle size
observedwith TEMwas larger than the crystal size, which indicates
that the nanoparticles were polycrystalline.
The powders on the Cu plates after the measurement of shear
strength appeared to be faintly reddish due to the presence of
metallic Cu; the powders were still metallic after the bonding
process. This observation suggests that the metallic Cu powders
strongly bonded the Cu discs. All the shear strengths measured
were over 20 MPa, which indicates that the Cu discs were strongly
bonded for all the particles examined and also correspond to the
strong bonding implied with the observation of the Cu discs. The
shear strength increased with increasing TCuO and reached
39.2 MPa at a TCuO of 80 C. As shown in Fig. 13, the particle size
decreasedwith increasing TCuO. Small particles have a larger surface
area than large particles if the amount of material is the same.
Therefore, the contact area between the particles and Cu discs was
larger for the small particles, as a result of the larger surface area,
than for the large particles. This large contact area for the small
particles probably resulted in the strong metalemetal bonding.
There are other possible causes as well. One possible cause involves
impurities in the metallic Cu nanoparticles. The presence of
Cu2(OH)3NO3 decreased the bonding ability [36]: during bonding,
the elimination of NO3 and H2O from Cu2(OH)3NO3 produced pores
that prevented the particles from sintering; thus, decreasing the
shear strength. The CuO nanoparticles fabricated at low TCuO con-
tained Cu2(OH)3NO3, while the purity of CuO nanoparticles
increased with increasing TCuO. Because the CuO nanoparticles
were the precursor of the metallic Cu particles, the purity of
metallic Cu nanoparticles should depend on that of CuO nano-
particles. The purity of metallic Cu nanoparticles might increase
with increasing TCuO, while Cu2(OH)3NO3 might remain in the
metallic Cu nanoparticles derived from the CuO nanoparticles
produced at low TCuO. Therefore, the metallic Cu nanoparticles
derived from the CuO nanoparticles produced at high TCuO probably
did not contain much Cu2(OH)3NO3, and elimination of NO3 and
H2O did not occur during bonding in the metallic Cu nanoparticles
at high TCuO. Thus, no decrease in bonding ability as a result of
impurities was expected for the high TCuO sample. The other
possible cause of strong metalemetal bonding in the high-TCuO
sample involves the size effect. Sintering of particles takes place
intensively for small particles because of the size effect related to
the decrease in the melting point. This intensive sintering might
have contributed to the strong metalemetal bonding with high
TCuO, at which the smaller nanoparticles were produced. These
three factors are the possible causes for strong bonding due to the
nanoparticles fabricated at the TCuO of 80 C.
5. Polymer-coated metallic copper nanoparticles
Covering the particles with surfactants is a candidate technique
to solve the problem of easy oxidation in air of metallic Cu nano-
particles [80,81]. Coating of the particles with solid shells can also
be another technique for stabilization because the physical barrier
of coating materials will completely prevent the particles from
contacting O molecules, compared to the case of surfactants. We
previously developed [74] a technique for polymer-coating of
metallic Cu nanoparticles in an aqueous solution. The polymer-
coated Cu nanoparticles were chemically stable even in air. This
section introduces our study on the metalemetal bonding process
using polymer-coated Cu nanoparticles [32,33].
First, a colloid solution of metallic Cu nanoparticles was pre-
pared by mixing CuCl2 and N2H4 in an aqueous solution dissolvingC6H8O7 and CTAB under vigorous stirring at room tempera-
ture, which produced a dark-red and muddy colloid solution.
Polypyrrole-coating for the Cu nanoparticles was done by poly-
merization of pyrrole (Py) in the presence of the Cu nanoparticles.
Hydrochloric acid solution, Py solution, and H2O2 were added to the
metallic Cu nanoparticle colloid solution in turn, which also pro-
duced a dark-red colloid solution.
The Cu nanoparticles were coated with PPy shells, though a gel
network structure composed of PPy was also produced, as shown in
the TEM image of the PPy-coated particles in the reference [33]. The
particle size was 27.6 ± 11.1 nm. The metallic Cu was chemically
stable, which indicated that PPy protects against oxidation of the Cu
core. Thus, quite stable metallic Cu nanoparticles were fabricated
with PPy-coating. The Cu discs were bonded in H2 gas. However,
the shear strength was as low as 4.3 MPa. The PPy shells were so
thick that they probably formed large voids among the Cu particles,
which prevented the Cu particles from sintering. This prevention
did not result in strong bonding. A method for producing metallic
nanoparticles with thinner shells is being developed to make par-
ticles have bonding ability.
6. Silver/copper nanoparticles
In Section 4.1.4, we indicated that in AgeAg bonding, the
bonding strength by using Cu nanoparticles as the ﬁller was not as
large as that in the case of metallic Ag nanoparticles because of the
mismatch of d-values between metallic Cu and metallic Ag. Copper
nanoparticles containing Ag nanoparticles (Ag/Cu nanoparticles)
will function as an almighty ﬁller for bonding of metallic Cu and
metallic Ag because the components of metallic Cu and metallic Ag
particles are expected to assist in CueCu and AgeAg bonding,
respectively. In addition, the use of Ag/Cu nanoparticles contributes
to decreasing cost since the amount of Ag in each Ag/Cu particle is
smaller than that in each particle containing no Cu. For metal-
emetal bonding using Ag-related nanoparticles, the process does
not always use a reducing atmosphere [21,48e50]. Successful
bonding is achieved thanks to the chemical stability of Ag metal. It
can thus be expected that nanoparticles composed of Cu and Ag
particles can be used as new nanoparticle ﬁllers for metalemetal
bonding in a non-reducing atmosphere without the effect of ionic
migration. This section introduces our two methods for producing
Ag/Cu nanoparticles for the metalemetal bonding process [34,35].
These methods are based on simultaneous reduction of Cu and Ag
ions [34] and reduction of Ag ions in the presence of metallic Cu
nanoparticles [35].
6.1. Simultaneous reduction of copper and silver ions
The Ag/Cu nanoparticles were prepared in only one step, i.e., by
reducing Agþ and Cu2þ simultaneously with N2H4 in aqueous so-
lution. The particle colloid solutionwas prepared bymixing AgClO4,
Cu(NO3)2, and N2H4. Hydrazine was added to aqueous solution
containing AgClO4, Cu(NO3)2, polyvinylpyrrolidone (PVP), and
C6H8O7 under vigorous stirring at room temperature, which pro-
duced a dark-red and muddy colloid solution. This simultaneous
reduction method is quite simple because of the one-step prepa-
ration. In our previous studies on the fabrication of Cu nano-
particles, CuCl2 was used as one of the starting chemicals for
producing Cu nanoparticles [28,29]. The study on the simultaneous
reduction method did not involve CuCl2 but Cu(NO3)2$3H2O for
producing Ag/Cu nanoparticles because Agþ forms white precipi-
tate of AgCl with Cl [34]. CTAB, which was used as a dispersing
agent for producing metallic Cu nanoparticles in our studies
[28,29], and contains Br. Since Agþ forms yellowish precipitate of
AgBr with Br, CTAB could not be used either. Polyvinylpyrrolidone
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it was used instead of CTAB in the preparation of Ag/Cu nano-
particle colloid solution.
Fig. 14(a) shows a TEM image of Cu particles that did not contain
Ag. Particles with a size of ca. 100 nm were produced, and the
particles formed aggregates. The particles were metallic Cu, and
had a crystal size of 49.7 nm. Fig. 14(b) shows a TEM image of Ag/Cu
particles. The produced particles had sizes of 30e85 nm and
formed aggregates. The particle sizes were smaller than those for
the Cu particles with no Ag. The solution for the production of Ag/
Cu particles became dark-red and muddy faster after N2H4 addition
compared to the Cu-particle production, though themechanism for
determining the difference in reaction rate is not clear. Many nuclei
were generated in the fast reaction, which resulted in production of
many small particles. The particles were a mixture of metallic Cu
and metallic Ag and had average crystal sizes of 9.3 nm for Cu and
8.1 nm for Ag.
For CueCu bonding, shear strengths were 21.8 and 19.7 MPa
with the use of the Cu particles and Ag/Cu particles, respectively.
There was no large difference in the shear strength between the
particles. Since there is a mismatch of d-values between Cu and Ag,
Ag cannot assist in efﬁcient CueCu bonding. Nevertheless, the high
shear strength equivalent to that of the Cu particles was given for
the Ag/Cu particles. The Au/Cu particles had small particle and
crystal sizes, compared to the Cu particles, as stated in the previous
paragraph. Smooth diffusion of the small particles into the metallic
surfaces probably took place since small particles have a low
melting point [12,82,83]. Consequently, the discs were strongly
bonded. For AgeAg bonding with respect to the Cu particles, shear
strength was as low as 11.3 MPa, though the Ag discs successfully
bonded. Since there is a mismatch of d-values between Cu and Ag,
there was a low shear strength. In contrast, a shear strength of
16.0 MPa was attained by using the Ag/Cu particles. The Ag con-
tained in the Ag/Cu particles diffused smoothly into the Ag surfaces,
which resulted in strong AgeAg bonding. The following mecha-
nism for strong bonding can be considered as being similar to the
CueCu bonding. The Au/Cu particles diffuse smoothly into the
metallic surfaces because of their small sizes, which results in
strong bonding.
6.2. Reduction of silver ions in presence of metallic Cu nanoparticles
In the simultaneous reduction of Cu and Ag ions, Ag dispersed in
the Ag/Cu particles, which meant that metallic Ag was present not
only on the particle surface but also inside the particles. The Ag
inside the particles will not assist in metalemetal bonding done inFig. 14. TEM images of (a) Cu nanoparticles and (b) Ag/Cu nanoparticles. Originallya non-reducing atmosphere. Silver is desired on the particle surface
for bonding in non-reducing atmosphere. This section introduces
our study on attempting to immobilize metallic Ag nanoparticles
on metallic Cu nanoparticles and metalemetal bonding in not only
H2 gas but also N2 gas [35].
A Ag/Cu nanoparticle colloid was prepared with the following
procedure: (1) production of Cu oxide nanoparticles, (2) reduction
of Cu oxide to metallic Cu, and (3) reduction of Agþ ions in the
presence of metallic Cu nanoparticles. In the ﬁrst step, the Cu oxide
nanoparticle colloid was prepared by metal saltebase reaction. In
the second step, the metallic Cu nanoparticle colloid was prepared
by adding an aqueous solution of PVP and N2H4 in turn to the Cu
oxide nanoparticle colloid under vigorous stirring at 40 C. The Ag/
Cu nanoparticle colloid solution was obtained in the third step. An
aqueous solution of AgNO3 and N2H4 was added to the as-prepared
Cu nanoparticle colloid under vigorous stirring at 40 C, and the
vessel containing the colloid was shaded with aluminium foil. The
Ag content in the Ag/Cu nanoparticle colloid was adjusted to 0 (i.e.,
Cu), 25 (i.e., Ag/Cu), and 100 mol% (i.e., Ag) by varying the amounts
of Cu nanoparticle colloid and AgNO3 aqueous solution.
The TEM images of the prepared Ag/Cu nanoparticles are shown
in Fig. 15. All the particles appear somewhat distorted. The sizes of
the Cu, Ag/Cu, and Ag nanoparticles were 90 ± 16, 49 ± 14, and
65 ± 18 nm, respectively. The Ag/Cu nanoparticles were smaller
than the Cu nanoparticles (i.e., the nanoparticles containing no Ag)
and Ag nanoparticles (i.e., the nanoparticles containing no Cu). The
co-existence of Ag ions and Cu nanoparticles is thought to control
particle growth. Silver ions were present among the Ag/Cu nano-
particles, which decreased the collision frequency of the nano-
particles. As a result, particle growth was controlled.
The XPS peak position as a function of the number of etchings is
plotted in Fig. 16. The peak position of Cu 2p3/2 increased from
932.64 to 932.74 eV as the number of etchings increased from 1 to
5. The peak position of Ag 3d5/2 was 368.04 eV after one etching,
increased to 368.07 eV after two etchings, and almost leveled out
after two etchings. According to previous studies [84e88], the or-
ders of binding energy are Cu2þeO > Cu0eCu0>CuþeO and
AgþeO > Ag0eAg0. Accordingly, the Ag/Cu nanoparticles were
considered to be composed of a body of Cu and Ag and a thin oxide
surface.
The shear strengths for CueCu bonding in H2 gas were 28.4,
22.3, and 20.7 MPa for Ag, Ag/Cu, and Ag, respectively. The shear
strength decreased slightly with increasing Ag content. Since the
d-values of Cu and Ag do not match, the nanoparticles with large
Ag content did not effectively contribute to the bonding of the Cu
discs. Shear strengths for bonding in N2 gas were alsomeasured. Atfrom Journal of Mining and Metallurgy, Section B: Metallurgy 49 (2013) 65e70.
Fig. 15. TEM images of (a) Cu, (b) Ag/Cu, and (c) Ag nanoparticles. Originally from Applied Nanoscience 6 (2016) 883e893.
Fig. 16. XPS peak positions vs. number of etchings for Ag/Cu nanoparticles. C: Cu,
B: Ag. Originally from Applied Nanoscience 6 (2016) 883e893.
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with increasing Ag content to 25 mol%. It should be noted that
CueCu bonding in N2 gas (in contrast to H2 gas) was achieved
using the nanoparticles with Cu content as high as 75 mol% (Ag
content of 25 mol%) or using the nanoparticles whose main
component was Cu. The presence of Ag in the particles was
considered to control oxidation of the Ag/Cu nanoparticles; Ag,
which is chemically stable in the metallic state, may reduce
partially oxidized particle surface. As a result, the Cu discs strongly
bonded at 25mol% of Ag with no oxidation. The shear strength was
15.4 MPa at 100 mol%, which was comparable to that for 25 mol%.
In spite of the mismatch in d-values, the Ag nanoparticles
showed comparable shear strength. The mismatch is most likely
compensated by the chemical stability of Ag.
7. Summary and conclusion remarks
The summary of the review article, which is shown in Table 1, is
as follows. Various Cu-based nanoparticles were fabricated using
reactions such as precipitation of salt, saltebase reaction and
reduction. The CuI nanoparticles needed to be pre-annealed to
remove I for CueCu bonding in H2 gas, and the shear strength of
14.8 MPa was lower than 20 MPa, which is a target shear strength
for practical use. Leaf-like aggregates of pure CuO nanoparticles
were produced using the saltebase reaction at low reaction tem-
perature and the aging process. They exerted shear strengths as
large as 17.0 and 32.5 MPa for CueCu bonding in H2 gas at 250 and
400 C, respectively. For CuO particles mixed with silver oxide
particles, the shear strengths for bonding in H2 gas at 400 C were
17.3 and 22.4 MPa for CueCu bonding and AgeAg bonding,respectively. The shear strength for Cu2O nanoparticles produced
using reduction was as large as 27.9 MPa for bonding in H2 gas at
400 C, because the presence of ﬁne cluster-like domains composed
of metallic Cu promoted epitaxial particle growth of the metallic Cu
and formation of micron-sized domains composed of nano-sized
and submicron-sized single crystals. The metallic Cu nano-
particles fabricated using the direct reductionmethod using cupper
(II) acetate were suitable for not only CueCu bonding but also
NieNi bonding and AgeAg bonding in H2 gas at 400 C, and a shear
strength as large as 37.7 MPa for particles was attained in the
CueCu bonding. For the metallic Cu particles fabricated with the
CuO-reduction method using CuO nanoparticles produced at 80 C,
their shear strength for was as large as 39.2 MPa in CueCu bonding
in H2 gas at 400 C, since the production of CuO nanoparticles at
80 C increased their purity. For both the Cu-oxide nanoparticles
and the metallic Cu nanoparticles, the shear strengths as high as ca.
30e40 MPa were comparable to those for the metallic Cu nano-
particle ﬁllers, which were reported by Ishizaki et al. [26] and Liu
et al. [27]. However, the reducing atmosphere like H2 gas was
absolutely necessary to reduce the Cu-oxide or to avoid oxidation of
metallic Cu during bonding, which meant that the bonding con-
ditions were limited. The PPy-coated metallic Cu nanoparticles did
not help metalemetal bonding well because of the shells that
prevented the particles from sintering followed by bonding in H2
gas. The Ag/Cu nanoparticles fabricated by reducing twometal ions
in aqueous solution simultaneously gave the shear strengths as
large as 19.7 for the Cu discs and 16.0 MPa for the Ag discs in
bonding in H2 gas at 400 C. The Ag/Cu nanoparticles fabricated by
reduction of Agþ ions in the presence of metallic Cu nanoparticles
exerted shear strengths of 22.3 and 14.9 MPa for CueCu bonding at
400 C in H2 gas and N2 gas, respectively. Nishikawa et al. per-
formed metalemetal bonding with the use of metallic Cu nano-
particles in N2 gas, and a shear strength as high as ca. 35MPa [25]. It
is hard to compare our results with their ones, because the metallic
discs were applied the pressure as high as 15MPa in their work. Our
work demonstrated that the metalemetal binding could be suc-
cessfully performed in N2 gas, even with applying the pressure as
low as 1.2 MPa for the discs. Accordingly, these results expect that
the Ag/Cu particle powder function as an almighty ﬁller for various
metalemetal bonding processes, which means that the Ag/Cu
particle powder may be used for metalemetal bonding in air after
further development of methods for fabricating the particles.
This review introduced our recent studies on the development
of methods to fabricate Cu-based nanoparticles using reactions
such as precipitation of salt, saltebase reaction and reduction. The
studies described above indicate that Cu-based nanoparticles can
be applied as a ﬁller in metalemetal bonding processes, which is
considered to open up a new ﬁeld in metalemetal bonding. An
Table 1
The results of measurements for various Cu-based nanoparticles.
Y. Kobayashi et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 413e430428ideal metalemetal bonding ﬁller is an inexpensive ﬁller that bonds
any kinds of metallic discs in air at room temperature. Our studies
were, however, focused on mainly their metalemetal bonding
abilities in H2 gas at temperatures higher than 250 C, because itwas preliminarily conﬁrmed that bonding of various metallic discs
in air at room temperature could not be performed using the
Cu-based nanoparticles produced in our works. Further studies
on subjects such as further lowering bonding temperatures,
Y. Kobayashi et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 413e430 429metalemetal bonding processes in air, and precise mechanisms of
metalemetal bonding processes will be necessary for the practical
implementation of such nanoparticles.Acknowledgments
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